The relationship of triazine resistance to decreased plant productivity was investigated in Senecio vulgaris L. F, reciprocal hybrids were developed from pure-breeding susceptible (S) and resistant (R) lines. The four biotypes (S, S x R, R, R x S) were compared in terms of atrazine response, electron transport, carbon fixation, and biomass production. Atrazine response, carbon fixation rate, and PSII and whole-chain electron transport rates of hybrids were nearly identical to those of their respective maternal parents. Significant differences occurred between the two susceptible (S, S x R) and two resistant (R, R x S) biotypes in atrazine response (Is), carbon fixation rate, and PSII and whole-chain electron transport rates; PSI rates were identical in all four biotypes. Coupled and uncoupled, whole-chain electron transport rates of thylakoids of the two susceptible biotypes were approximately 50% greater than those of the two resistant biotypes at photon flux densities greater than 215 micromoles per square meter per second. Carbon exchange rates of the two susceptible biotypes were 23% greater than those of the two resistant biotypes. Hybrid biotypes (S x R, R x S) were not identical to their maternal parents in biomass production. The S, S x R, and R x S plants all achieved greater biomass than R plants. These results suggest that while the resistance mutation influences thylakoid performance, reduced productivity of triazine-resistant plants cannot be ascribed solely to decreases in electron transport or carbon assimilation rates brought about by the altered binding protein. Since the F, hybrids differed from their maternal parents only in nuclear genes, it appears that the detrimental effects of the triazine resistance mutation on plant growth may be attenuated by interactions of the plastid and nuclear genomes.
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Triazine resistance in weed populations was first reported by Ryan in 1970 (23) . Numerous studies have been prompted by the discovery of this novel biotype of Senecio vulgaris, resulting in a general understanding of the mechanism of resistance to the triazine herbicides (18, 21) . This mechanism has been described 3Abbreviations: Qb, secondary electron acceptor of PSII; Qa, primary electron acceptor of PSII; S, susceptible parent in this study; R, resistant parent in this study; S x R, F, hybrid of S maternal and R paternal cross; R x S, F, hybrid of R maternal and S paternal cross; MV, methyl viologen (1,1'-dimethyl-4,4'-bipyridylium dichloride); FeCy, potassium ferricyanide; DAD, diaminodurene (2,3,5,6-tetramethyl-1,4-phenylenediamine); DBMIB, dibromothymoquinone (2,5-dibromo-3-methyl-6-isopropyl-pbenzoquinone); 150, herbicide concentration producing 50% inhibition. 183 in detail recently. A mutation in the chloroplast psbA gene, which encodes the 32 kD quinone/herbicide binding (Qb3) protein of PSII, results in an amino acid substitution in the 'binding pocket' of the mature polypeptide (8) . The alteration markedly decreases the affinity of the Qb protein for triazine molecules and also modulates inherent redox properties of Qb essential for maintaining the flow of electrons from Qa to Qb during photosynthesis (4) .
Many studies comparing the ecology and physiology of triazine-resistant weeds have demonstrated that in the absence of herbicides, resistant biotypes are less productive than susceptible biotypes. In both Amaranthus spp. and S. vulgaris, susceptible plants demonstrated more vigorous growth and greater seed production than resistant plants under competitive and noncompetitive conditions (1, 6, 11) . Similarly, susceptible biotypes of Chenopodium album were shown to produce greater above-ground biomass than resistant biotypes (29) . Lower photosynthetic rates have been measured in resistant biotypes of Amaranthus retroflexus (27) , Brassica spp. (9) , and S. vulgaris (12) compared to susceptible biotypes of the same species. Slower rates of wholechain and isolated PSII electron transport in resistant thylakoids relative to susceptible ones have been documented in Brassica campestris, its backcross progeny Brassica napus ssp. Rapifera (Metzg.) Minsk. (2) , and Amaranthus hybridus (17) . Lower quantum yield of CO2 fixation has been measured in triazineresistant A. hybridus (17) , S. vulgaris (12) , and B. campestris (5) when compared to susceptible plants of the same species.
The inferior productivity and competitive ability of resistant plants relative to susceptible plants may be a result of growth limitations imposed by reduced photosynthetic capacity. The presence of the resistance mutation and the accompanying decrease in the rate of electron transfer from Qa to Qb (2, 18) have been suggested to be the cause of the observed fitness differences between susceptible and resistant biotypes (2, 5, 12) . However, a causal relationship between the mutation conferring triazine resistance and decreased plant productivity has not been conclusively demonstrated (10) . An understanding of the extent to which triazine resistance is correlated with plant productivity is essential to the future development of triazine-resistant crops. If the mutation directly limits plant growth, few benefits will be realized from its introduction into agronomically important species.
The objectives of this research were to investigate the nature of the relationship between triazine resistance and plant productivity and to determine if the alteration in the Qb protein that confers resistance also causes a reduction in productivity. Hybrid plants (F1) were developed from pure-breeding S and R lines of S. vulgaris. These plants were used to describe the effect of the chloroplast mutation on plant performance in the absence of nuclear differences that may exist between parental biotypes. In this way, the role of the chloroplast genome in regulating growth and productivity of resistant plants could be clarified.
Senecio vulgaris L. were originally collected Oregon, respectively (21) . These seed sources extensively for research purposes (6, (10) (11) (12) 
RESULTS
Whole Plant Atrazine Response. The differential effect of atrazine on four biotypes of S. vulgaris was evaluated at the whole plant level. As expected, observed phytotoxic responses in S. vulgaris biotypes coincided with those of the seed parent. Individuals with a susceptible cytoplasmic component (S, S x R) did not survive the application of 10 kg ha -atrazine, while plants containing resistant cytoplasm (R, R x S) were unharmed. Seven d after atrazine application, all treated S and S x R plants received visual ratings of greater than 95% on a scale of 0 to 100% phytotoxicity (data not presented).
Electron Transport. Figure 1 depicts the rate of whole-chain photosynthetic electron transport in thylakoids of each biotype over a range of photon flux densities in the presence of gramicidin. The saturating photon flux density used in further experiments was determined from these results to be 1650 ,umol m-2 s -. Thylakoids from the susceptible biotypes (S, S x R) supported nearly identical rates of oxygen consumption that were markedly higher than the rates produced by resistant thylakoids (R, R x S) at all photon flux densities (Fig. 1) . Differences in the rates of uncoupled electron transport between the two resistant biotypes (R, R x S) were not significant (P -0.10 at each photon flux density measured). Rates produced by S and S x R thylakoids were statistically distinct from those of R thylakoids at photon flux densities greater than 92 ,lmol m-2 s-I and from those of R x S thylakoids when photon flux densities exceeded 215 ,umol m-2 S-1 (P = 0.01). The hyperbolic shape of the uncoupled light curves (Fig. 1) describes the saturation of electron transport by light when electron flow through the photosystems was released from the restrictions of photophosphorylation by an uncoupler. Figure 2 portrays the coupled rates of electron transport in the four biotypes. Coupled electron transport rates were restricted by buildup of the protonmotive force during photosynthesis and by the absence of ADP and Pi substrates in the reaction mixture. These restricted rates exhibited the same relative ranking among the four biotypes as the uncoupled rates and were used only as indicators of membrane integrity.
Whole-chain photosynthetic electron transport measurements using thylakoids isolated from the parental biotypes (S, R) produced equivalent rates of oxygen flux for each biotype using either MV or FeCy. Light-saturated rates of uncoupled, wholechain electron transport were approximately 150 ,tmol 02 mg Chl-h-1 in susceptible thylakoids and 100 ,umol 02 mg Chlh-1 in resistant ones (Table I) . MV was chosen for use in further experiments to compare whole-chain rates (H20 -_ MV) directly with partial-chain, single-photosystem measurements (H20 -* DAD, DAD--MV).
Electron flow rates through PSII (H20 --DAD) were significantly higher in the two susceptible biotypes (S, S x R) than in the two resistant biotypes (R, R x S) and were equivalent between plants with a common cytoplasm (S and S x R; R and R x S) ( Table I ). S and S x R thylakoids produced about 100 ,umol 02 mg Chl-1 h-1 in the presence of oxidized DAD, while R and R x S thylakoids attained rates that were approximately 25% of those of susceptible preparations. Rates of electron transport through PSI (DAD --MV) were similar among the four biotypes and were approximately,300 ,mol 02 mg Chl -h - (Table I) is displayed in Figure 3 . 150 values of 0.17 and 0.40 ,uM were calculated for the S and S x R biotypes, respectively, using regression analysis of the linear portion of the appropriate curve. The rates of oxygen consumption in R and R x S samples were completely unaffected at these atrazine concentrations (Fig. 3 ). Decreased transport rates were apparent in the resistant biotypes at concentrations above 100 ,uM. I5o values of 310 and 380 ,uM were calculated for R and R x S thylakoids, respectively. 150 values between plants with a common cytoplasm (S and S x R; R and R x S) were not statistically different. Carbon Fixation. Susceptible plants (S, S x R) displayed higher rates of carbon fixation than resistant plants (R, R x S) when individual leaves were measured (Table II) . Carbon assimilation rates for S and S x R plants were about 8.1 ,umol CO2 m -2 S -1, while those for R and R x S plants were approximately 6.6 Amol CO2 m-2 s-1. Differences in CO2 assimilation between susceptible and resistant biotypes were significant at the P = 0.01 level. Differences between plants of similar cytoplasm (S and S x R; R and R x S) were not significant (Table II) .
Growth and Productivity. Plants of the S biotype outperformed S. vulgaris plants of the R biotype in all growth parameters measured including plant height, leaf number, leaf area, and biomass. Growth data were significantly different at the P = 0.01 level between plants of the parental biotypes (S, R) at all harvests (Table III) . In contrast, growth measurements of the two hybrid biotypes (S x R, R x S) converged over the timecourse of the experiment. At the 6-week harvest, all growth parameters except leaf number were greater for S x R plants than for R x S plants. Differences in total leaf area and root and flower weights were no longer apparent at the 8-week harvest. By the 10th week, most parameters measured were not significantly different between S x R and R x S plants (Table III) .
In general, growth measurements were more similar at each harvest between plants of the susceptible biotypes (S, S x R) than between those of the resistant biotypes (R, R x S). At 6 weeks, most parameters measured were statistically similar between each hybrid biotype and its maternal parent (Table III) . After 8 weeks of growth, S plants had greater leaf area, root and leaf weights, and total vegetative biomass than S x R plants. By the 10th week, however, the two susceptible biotypes did not differ statistically in any growth parameter measured (Table III) . In contrast, R x S plants achieved greater height, leaf number, leaf area, shoot weight, and vegetative biomass than R plants after 8 weeks of growth. Differences between the two resistant biotypes remained distinct with time (Table III) . At unrelated to the resistance mutation may account for some of the differential vigor observed in S and R biotypes collected from the field (17) . In all documented cases of triazine-resistant weeds, including S. vulgaris, the resistance trait is transmitted via the maternal chloroplast (25, 26, 28) . Maternal inheritance of the trait ensured that F, hybrids from reciprocal crosses of purebreeding S and R S. vulgaris biotypes possessed identical, mixed nuclear genomes but unique cytoplasms, depending upon the direction of the cross. As expected, both whole plants and isolated thylakoid membranes of the S and S x R biotypes proved susceptible to atrazine toxicity. In contrast, resistant (R, R x S) plants were unharmed by treatment with atrazine. Thylakoids isolated from leaves of resistant plants exhibited only a partial inhibition of electron transport at atrazine concentrations in the 100 ,uM range, as reported previously (18) . The inhibition of electron flow observed in resistant biotypes at extreme herbicide concentrations may reflect the very low affinity of atrazine for the altered herbicide-binding protein (19) . Alternatively, atrazine may interact with a second low-affinity binding site in resistant chloroplasts (16) .
The rate-limiting step of uncoupled photosynthetic electron transport to artificial acceptors occurred in PSII for all four biotypes of S. vulgaris. This limitation was much greater in the two resistant biotypes than in the two susceptible ones, as evidenced by their lower rates of PSII. A similar reduction in the rate of PSII electron transfer in R plants relative to S plants has been observed in B. campestris (5), Brassica spp. (2), C. album (13) , and A. hybridus (17) . Rates of electron transport through PSI were similar among the four S. vulgaris biotypes, indicating that thylakoid components and photosynthetic capacities for the latter portion of the transport chain were equivalent, as has been reported for other species.
These results support the hypothesis that the altered Qb protein in PSII of triazine-resistant plants reduces overall photosynthetic efficiency in the light reactions, since in both resistant biotypes (R, R x S), decreased electron transport rates through PSII were accompanied by slower whole-chain rates. Similar reductions in the rate of whole-chain electron transport in resistant biotypes relative to susceptible have not been consistently observed, however. Whole-chain rates were equivalent in resistant and susceptible biotypes of some species (13, 17) , yet reduced in resistant biotypes of others (5, 12) . Although our data suggest that the altered Qb protein imposes a restriction on both PSII and whole-chain electron transport in chloroplasts of resistant plants, the mechanism of this limitation is not fully understood and could not be resolved by the methods employed here.
In addition to electron transport, carbon fixation differed among the biotypes of S. vulgaris; resistant plants (R, R x S) had a 20% reduction compared to susceptible plants (S, S x R). These data are consistent with reductions in carbon fixation rates ranging from 14 to 23% in R compared to S biotypes of other species (1, 9, 17) . Reductions in photosynthetic rate have also been correlated with diminished biomass production in triazine-resistant biotypes of Amaranthus spp. (1), Brassica spp. (9), and Setaria italica (22) . In the absence of herbicides, growth and productivity of S biotypes were greater than those of R biotypes in A. hybridus and S. vulgaris (6) , B. campestris (14) , and C. album (15) . Thus, the resistance mutation appears to have a detrimental effect on the light reactions of photosynthesis, carbon fixation, and on productivity, as well.
In assessing relative productivity among plants, results may be biased by experimental conditions. Growth restrictions imposed by pots, for example, may affect final yield of each biotype differentially. Roots of faster-growing susceptible plants (S, S x R) may be restricted earlier than those of resistant plants (R, R x S), resulting in reduced growth rate, alterations in biomass allocation, or earlier senescence. In addition, the timing of each harvest will influence apparent differences between biotypes. Susceptible biotypes developed faster than resistant biotypes in B. campestris (14) , C. album (15) , and S. vulgaris (11) ; however, differences between biotypes in plant size diminished with time. These results suggest that productivity of young plants in the exponential growth stage may be strongly limited by the resistance mutation, while growth of older plants may also be regulated by developmental phenomena, as well as by environmental limitations. These factors may have contributed to the similarities observed in growth parameters of the two hybrid biotypes of S. vulgaris at 10 weeks.
The relative productivity of susceptible and resistant biotypes of a single species may also depend upon environmental conditions, in particular, temperature. Resistant plants of Setaria spp. produced more biomass under cooler temperatures than warmer and yield was inversely related to increasing temperature, while susceptible plants grew best at higher temperatures (22) . Growth was also related to temperature in B. napus cultivars raised in Canada. In most locales, yields of the resistant cultivar were 80% those of susceptible cultivars, while at more southern latitudes, the resistant cultivar produced 94% of typical susceptible rapeseed yields (3). A resistant biotype of Phalaris paradoxa displayed more vigorous growth than the susceptible biotype when grown under conditions of early winter (24) . These data support the hypothesis that growth temperature influences the relative fitness of triazine-resistant weeds.
Temperature sensitivity may be directly related to the resistance mutation. High temperature has been shown to inhibit Qa to Qb electron transfer, perhaps through a conformational change in the Qb protein (7) . The mutation in Qb in triazine-resistant plants may increase the thermal sensitivity of the Qb protein.
Changes in membrane lipid composition observed in chloroplasts of R plants may also influence temperature response (20) . These observations may partially explain differences in carbon fixation between the susceptible and the resistant biotypes of S. vulgaris, since chamber temperatures during measurements varied by as much as 7°C. Thus, differential vigor between triazine-resistant and -susceptible plants appears to be directly related to the resistance mutation and the effects of the altered Qb protein on productivity.
Reduced vigor of triazine-resistant biotypes cannot be attributed solely to the chloroplast mutation that confers resistance, however, since some differences in biomass production occurred between maternal and F1 hybrid biotypes of S. vulgaris with identical chloroplast complements. Differential productivity between parental and hybrid biotypes with the same chloroplast type was also observed in Setaria italica (22) . Therefore, although the resistance mutation exerts a predominate influence on potential productivity, other factors contribute to final biomass yield. Such factors as temperature sensitivity, light response, carbohydrate allocation, maintenance respiration, and the duration of active photosynthesis throughout the day may be regulated by the nuclear genome and influence growth and productivity. Thus, the traits of decreased plant vigor and triazine resistance may be separable, or at least interactive, since it appears that the detrimental effects of the triazine resistance mutation on plant growth may be attenuated by other factors.
If the nuclear component of the cell exclusively determined plant growth potential, productivity of both hybrids (S x R, R xS) would be equivalent and intermediate in relation to that of the parental (S, R) biotypes. However, the hybrids were not identical and both were more comparable to the S biotype than to the R biotype in measured growth parameters. That a symmetrical effect of the mixed nuclear genome was not expressed in the hybrids was most likely due to interactions between the nuclear and chloroplast genomes. In R x S plants, interaction of the resistant chloroplast with factors derived from the susceptible nuclear genome compensated in some way for the detrimental effects of the resistance mutation by partially restoring productivity. The basis for the partial reduction in productivity of the S x R hybrid relative to the S parent is not clear. Some level of nuclear/ cytoplasmic incompatibility may have impaired the performance of the S x R plants. Alternatively, the nucleus of R plants may have developed compensatory mechanisms that allow R plants to grow, albeit in a limited fashion, in the presence of the altered Qb protein. Such mechanisms would be unnecessary in plants with normal chloroplasts, such as the S x R hybrids, and could divert energy from more productive uses.
Differences in growth between susceptible (S, S x R) and resistant (R, R xS) S. vulgaris plants used in this research may also be related to temperature responses that are not under chloroplast control. Since seeds of the S biotype were originally collected from a more southern latitude than seeds of the R biotype (21) , S plants may be better-adapted than R plants to environmental conditions imposed in southern California where these experiments were conducted. The contribution of nuclear components from the S biotype may have contributed some form of temperature tolerance to the R x S hybrid that enhanced the growthpotential of these resistantplants. Conversely, the contribution of nuclear factors from the R biotype may have impaired the performance of S x R hybrid plants by increasing plant sensitivity to high temperature.
The results reported here suggest that reduced vigor is not inseparably linked with triazine resistance. Nevertheless, isolation and introduction of the psbA gene into a crop plant remains an enigmatic problem for the biotechnology and crop breeding industries. Insertion of a gene carrying the mutation into any foreign genetic background will almost certainly cause an initial decrease in electron transport and probably result in yield loss. Co-adaptation of the nuclear and plastid genomes through the selection process is likely to be required before a vigorous resistant plant can be produced. Furthermore, various combinations of cytoplasmic and nuclear components from related species may be expected to yield differential results. The compatibility of particular plastome/genome combinations, and the extent to which their interactions compensate for the deleterious effects of the resistance mutation, must be further characterized if triazine-resistant crop cultivars with acceptable yields are to be achieved.
The results of this study suggest that the resistance mutation has a distinct, detrimental effect on thylakoid performance which is translated into decreased plant yields. This deleterious effect may be attenuated by the interaction of the plastid and nuclear genomes, but the limits of this compensation are not known. Future research using backcrossed lines should delineate more clearly the nature of the interaction and its potential use in separating triazine resistance from reduced plant yield.
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